Background and aims Knowledge of the fine root dynamics of different life forms in forest ecosystems is critical to understanding how the overall belowground carbon cycling is affected by climate change. However, our current knowledge regarding how endogenous or exogenous factors regulate the root dynamics of understory vegetation is limited. The aims of this study were to test the effects of soil moisture gradient and shading on the fine root production, phenology, and turnover rate of six shrub species from a subtropical forest. Methods We selected a suite of study sites representing different habitats with gradients of soil moisture and solar radiation (shading or no shading). We assessed the fine root production phenology, the total fine root production, and the turnover among six understory shrub species in a subtropical climate, and examined the responses of the fine root dynamics to gradients in the soil moisture and solar radiation. The shrubs included three evergreen species, Loropetalum chinense, Vaccinium bracteatum, and Adinandra millettii, and three deciduous species, Serissa serissoides, Rubus corchorifolius, and Lespedeza davidii. Results We observed that variations in the annual fine root production and turnover among species were significant in the deciduous group but not in the evergreen group. Notably, V. bracteatum and S. serissoides presented the greatest responses in terms of root phenology to gradients in the soil moisture and shading: high-moisture habitat led to a decrease and shade led to an increase in fine root production during spring. Species with smaller fine roots of the 1 st +2 nd -order diameter presented more sensitive responses in terms of fine root phenology to a soil moisture gradient. Species with a lower fine root carbon-to nitrogen ratio exhibited more sensitive responses in terms of fine root annual production to shading. Soil moisture and shading did not change the annual fine root production as much as the turnover rate. Conclusions The fine root dynamics of some understory shrubs varied significantly with soil moisture and solar radiation status and may be different from tree species. Our results emphasize the need to study the understory fine root dynamics in the achievement of a complete understanding of the overall belowground carbon cycling in a forest ecosystem, particularly ecosystems in which the understory fine root highly contributes to the belowground biomass.
Introduction
Fine root dynamics is a critical component of global terrestrial carbon cycles (Norby and Jackson 2000) . Shrubs make substantial contributions to the overall species diversity in the terrestrial ecosystem. Therefore, knowledge of the fine root production, phenology, and turnover rate of shrubs is critical to understanding how the carbon cycle of terrestrial ecosystem is affected by climate change.
Generally, the fine root life span of a shrub species increases with increasing root order (Valenzuela-Estrada et al. 2008) . For some shrub species, the turnover rate of the first two order roots could be twice as high as that of the third order roots (Huang et al. 2010) . Despite the endogenous cues, exogenous factors are important for controlling the fine root dynamics and the effects of exogenous factors on fine root dynamics have been received increasingly attention because of the expected climate changes (Kitajima et al. 2010) . Previous studies have correlated fine root production with water regimes in water-limited shrublands (Peek et al. 2005; Palacio and Montserrat-Martí 2007; Padilla et al. 2015) , and the effects of the soil moisture on the fine root dynamics have been reported to be species specific (Wilcox et al. 2004) . Shading is another exogenous factor regulating fine root dynamics because root growth and turnover are correlated with photosynthetically active radiation (Fitter et al. 1998; Fitter et al. 1999; Volder et al. 2007) . Although temperature and solar radiation are commonly linked during shading, Edwards et al. (2004) combined soil warming with canopy shading treatments and concluded that root turnover was significantly affected by solar radiation, but not temperature. However, the majority of relevant studies have investigated the consequences of endogenous or exogenous factors on the fine root dynamics of trees in forest ecosystems or of shrubs from shrublands. Our current understanding of how endogenous or exogenous factors regulate the root dynamics of understory vegetation in forest ecosystems is limited, despite that the roots of the understorey vegetation influences the variation in fine root production on a global scale (Finér et al. 2011 ). There is a particularly limited understanding of whether the fine root production, phenology, and turnover rate of understory vegetation present different responses to gradients in soil moisture and shading.
We selected a suite of study sites that represent habitats with gradients of soil moisture and solar radiation.
These gradients across the sites allow us to assess the role of changes in the soil moisture and shading in the fine root production, phenology, and turnover rate among six shrubs in a subtropical forest from China. Three of the investigated species are evergreen, whereas the other three species are deciduous. Although soil depth could have a major influence on fine root dynamics due to the variations in soil microenvironment (Aerts et al. 1989; Baddeley and Watson 2005) , shallow roots were responsible for the majority of total annual fine root production and mortality (Hendrick and Pregitzer 1996) . Therefore, we focused on the fine roots in top soil layer in this study. Our primary objectives were (1) to examine the variations in the fine root production phenology, annual production, and turnover rate among these subtropical shrub species or groups (deciduous vs. evergreen) and (2) to determine whether interspecies variations in root traits, such as diameter and carbon to nitrogen ratio, lead to predictable degrees of sensitivity in their responses, such as fine root production phenology, annual production, and turnover rate, to changes in the soil moisture and shading.
Materials and methods

Study site and experimental design
This study was conducted at the Qianyanzhou Ecological Station (26°44′39″N, 115°03′33″E, at an elevation of 102 m above sea level) in Jiangxi Province in southeastern China. The station is approximately 204 hm 2 and has a typical subtropical climate. The mean annual temperature is 17.9°C, with a minimum mean daily temperature of 6.4°C in January and a maximum of 28.8°C in July. The mean annual precipitation is 1489 mm, and most of the precipitation occurs between March and June. The year is divided into four seasons, spring (March, April, and May), summer (June, July, and August), autumn (September, October, and November), and winter (December, January, and February), according to the meteorological definition of the seasons (Trenberth 1983 ). The soil is classified as Typic Dystrudepts by the USDA system (Wen et al. 2010) .
The zonal vegetation at the station is a subtropical evergreen broad-leaved forest. Before the 1980's, the zonal vegetation had nearly disappeared due to deforestation. The dominant vegetation was grassland and scattered shrubland, and severe soil degradation had occurred. In 1983, widespread reforestation was implemented to combat the soil degradation. The needleleaf forest was dominated by Pinus elliottii, Pinus massoniana, and Cunninghamia lanceolata. The P. massoniana forest has a shrubby understorey dominated by six sun and drought-tolerant species, namely Loropetalum chinense, Vaccinium bracteatum, Adinandra millettii, Serissa serissoides, Rubus corchorifolius, and Lespedeza davidii. The first three species are evergreen with leathery leaves, and the remaining three species are deciduous with papery leaves. For the evergreen species, the longevity of leaves is generally more than one year and no marked thinning of the foliage occurs at any time. For the deciduous species, the amount of foliage becomes conspicuously thin during the leaf drop period (mainly in autumn and winter). Because the longevity of leaves is generally of about one year, the deciduous plants are never entirely leafless.
In a two-factorial plot design in which the factors are shading and the water moisture regime, four study plots with a size of 20 m × 20 m size were established. The four plots were selected along two mountain slopes with similar soil nutrient (Table S1 ), soil texture (sandy loam), slope (~15°) and aspect (northwest). One mountain slope (non-shaded) was located in a forest gap (0.32 ha). The other mountain slope (shaded) was located in an ambient P. massoniana mountain slope. The two mountain slopes were approximately 2 km apart. For each mountain slope, two plots with the distance of approximately 30 m were established at the mountain ridge and at the mountain foot. For the non-shaded slope, the P. massoniana was completely destroyed by a snowstorm in 2008, and from then, the understory shrubs grew in a fully open area. By 2013, there was a heavy growth of the understory vegetation and the dense understory was nearly impenetrable. The canopy cover of the shaded slope was 70 %, with spherical densiometer measurements (Lemmon 1956 ).
The soil moisture regime was determined by the slope position. We assessed the monthly gravimetric soil moisture by extracting 10 soil cores (diameter of 5.5 cm and depth of 10 cm) from random locations per plot during the period January 2013-December 2013. Simultaneously with the soil moisture investigation, monthly soil temperature in the 0-10 cm layer was measured with a hand-held digital thermometer. The plots at the mountain ridge had a consistently lower soil moisture content than those at the mountain foot throughout the year (Fig. S1a) . The mountain foot increased the soil moisture content by 42.2 %. Therefore, a low-soil -moisture habitat occurred at the mountain ridge plots, and a high-soil-moisture habitat occurred at the mountain foot plots. The mountain position did not change the soil temperature (Fig. S1b) . Shaded and nonshaded contrasting habitats were obtained by comparing the plots in the forest gap slope with those in the ambient P. massoniana slope. The flux densities of photosynthetically active radiation (PAR) above and below the canopy were measured using quantum sensors (LI-COR Inc., Lincoln, NE, USA). One LI-190 SA quantum sensor was positioned at 41 m and three LI-191 SA quantum sensors were mounted at 1.5 m. Shading reduced photosynthetic photon flux density (PPFD) by 86.7 %. The soil moisture tended to be lower in the shaded plots than in the non-shaded plots (Fig. S2a) . The higher soil moisture in the non-shaded plots is likely due to the reduced tree root density and thus the reduced transpiration of soil water (Gray et al. 2002) . Soil temperature differences did not exist between the shaded and non-shaded plots (Fig. S2b) .
Fine root dynamics
In this study, the root dynamics were measured using horizontal rhizotrons to identify the fine root by species. Based on our preliminary observations, c. 63 % of understory fine roots centered within the top 10 cm of P. massoniana forest soil. Therefore, we installed the horizontal rhizontrons at a soil depth of 5 cm to represent the average fine root dynamics in the 0-10 cm layer. In midApril 2012, 10 rhizotrons were installed for each of the six dominant shrub species, L. chinense, V. bracteatum, A. millettii, S. serissoides, R. corchorifolius, and L. davidii, in each plot, for a total of 240 windows (6 species × 10 replications × 4 plots). Separate adult individuals of each species were randomly selected. Three or four rhizotrons were installed for each individual plant. Root age had a strong effect on the risk of fine-root mortality (Wells et al. 2002) . To enhance the comparability across treatments, the lateral roots were pruned to ensure the studied roots were new growth (Liu et al. 2015) . A lateral fourth-order root was identified and all of the finer lateral branches were pruned. A Plexiglas acrylic window of 10 cm × 10 cm was then carefully placed on the pruned lateral root. Finally, to protect the roots from light and variations in temperature, a black plastic bag containing the total volume of original soil above the roots was placed on the window. During each observation, each window was photographed using a digital camera (D7100; Nikon, Tokyo, Japan). A more detailed description of the installation of horizontal rhizotrons was described in Xia et al. (2010) .
In our experiment, image collection began in June 2012 and ended in December 2013. The imaging occurred at approximately one-month intervals. Although the rhizotron method resulted in a limited disturbance of the soil environment (Xia et al. 2010) , we report the fine root dynamics for the year 2013 excluding 2012 to ensure that the fine roots of the first three orders were well developed. Because the roots of the first two orders play a major role in root turnover and carbon and nitrogen flow from plant to soil (Huang et al. 2010 ), our observations of fine roots were limited to first-and second-order roots. It should be noted that because it is difficult to photograph the windows with the same angles, the rhizotron production cannot be accurately standardized by soil area (e.g. in unit of root length m -2 ). The previous studies showed that there was a strong positive correlation between the number and the length of fine roots (Leppälammi-Kujansuu et al. 2014) and the fine root production and turnover rates calculated using the root length were similar to those calculated using the root number (McCormack et al. 2014) . Therefore, the fine root production and turnover rate were calculated using the numbers of roots produced instead of the root length (West et al. 2004; McCormack et al. 2014) . The annual fine root production (roots per window) divided by the average fine root standing crop (roots per window) yielded the fine root turnover rate. Roots were counted as newly produced when they first appeared, and their mortality was determined when the roots were fractured, shriveled visually, or disappeared. Averaged across all six species, c. 40 % of the installed rhizotrons contained no new roots or not well-developed new roots. Termite runs and frass were detected occasionally in the rhizotrons during the later observations. To the end, the lost observations due to termite disturbance occurred almost equally across the species and plots. The lost observation due to termite disturbance accounted for c. 20 % of the total rhizotrons. Therefore, 40 % of the installed rhizotrons with well-developed root systems were used in the final analysis. The observed fine roots number varied with the species and ranged from 168 to 540. In total this analysis included 1752 fine roots.
Fine root traits
Various root traits were assessed for each species across four blocks (n = 4). The roots from six plants for each species in each plot were collected at a depth of 0 -10 cm in May 2012. The plants were different from those for the fine root dynamics observation. The excavated roots and soil were packed in plastic bags, and all of the root segments were rinsed and cleaned with deionized water (4°C) after transport to the laboratory. The first-and second-order roots of the six shrubs were dissected. All of the living rootlets of a soil sample were analyzed to determine their mean root diameter and specific root length (SRL, in m g -1 ) using a scanner and a WinRhizo (Regent Instruments Inc., Québec, Canada) visual analysis system. The fine root segments were carefully removed from the glass and oven-dried (65°C for 72 h) to a constant weight to determine their mass. The first-and second-order roots were combined to measure their carbon (C) and nitrogen (N) concentrations using a CN-element analyzer (Elementar VarioMax CN, Mt. Laurel, NJ, USA).
Statistical analyses
The first two orders roots are prone to be similar in terms of mycorrhizal colonization and diameter (ValenzuelaEstrada et al. 2008) . Therefore, the first two order roots were lumped together for all the six shrub species. To ensure sufficient rhizotron replications (at least six), we did not analyze the interaction effect of shading and soil moisture regime. We pooled the data from the ambient P. massoniana mountain slope and forest gap slope to examine the shading effect, and the data from the mountain ridge and mountain foot to examine the effects of soil-moisture regime. The annual fine root production and the turnover rate were pooled across all of the treatments to test their variations among the different species. We used a one-way ANOVA and multiple comparison procedure (Tukey's HSD test) to assess differences in terms of the fine root diameter, specific root length, C:N ratio, annual production and annual turnover rate among the studied shrub species. Significant differences were assessed at the P < 0.05 level.
The temporal patterns of the fine root production (number of new roots per month) were depicted according to the four seasons. The changes in the amplitudes (CAs) of the fine root production and turnover rate among the treatments were calculated for each species. In this study, CA is used to quantify the magnitude of changes in the fine root dynamics among habitats within species. Greater CA values indicate that the fine root dynamics have higher degrees of sensitivity to the habitats. The within-species values for the CA of fine root annual production (CA AP ) and CA of the turnover rate (CA T ) among the habitats were calculated as follows:
The sum of the CA of the monthly production (∑CA MP ) among habitats within species was calculated as follows:
where L i and S i are the large and small values of obtained on month i (i=Jan., Feb., Mar., ... n) among the treatments. ∑CA MP represents the degrees of sensitivity that the fine root production phenology exhibits in response to the habitats. nd -order SRL, R = -0.873, P < 0.01) and C:N for the soil moisture and shaded treatments. All of the statistical analyses were performed using the software SPSS Version 10.0 (SPSS Inc., Chicago, IL, USA).
Results
Variation across species
The shrub species exhibited significant differences in root traits ( Table 1) (Table 1 ). The C:N varied approximately two-fold across the species, ranging from 65.88 in V. bracteatum to 34.52 in R. corchorifolius (Table 1 ). Significant variations in the root traits were found among the species in both the evergreen and deciduous groups ( Table 1) .
The shrub species also presented differences in the annual fine root production and turnover (Fig. 1 ). S. serissoides had a significantly larger annual production than the other five species. The annual fine root production varied from 1.8-fold to four-fold among the deciduous species, but variations of only 1.4-fold to 2.9-fold were obtained from the comparison of any deciduous species with any evergreen species. The turnover in S. serissoides (~2.0) was higher than that in V. bracteatum, A. millettii, and L. davidii (~1.0). The among-species variations in the annual fine root production and turnover were significant in the deciduous group but not in the evergreen group.
Effects of soil moisture and shading
The effects of soil moisture and shading on the phenology of fine root production varied among species (Figs. 2 and 3) . Some of the species, such as V. bracteatum from the evergreen group and S. serissoides from the deciduous group, presented the greatest changes in root phenology. The fine root production of these two species tended to be decreased by high moisture and increased by shade in the spring. However, the fine root production patterns were different between these two species. V. bracteatum exhibited a bimodal pattern in the low-soil-moisture and shade habitats, with a peak in the spring and another peak in the summer, but displayed a concentrated modal pattern in the high-soil-moisture and non-shaded habitats, with peak production occurring in the summer. In the case of S. serissoides, high-soil-moisture and non-shaded habitats changed the fine root production from a distributed pattern to a concentrated pattern (peak in summer). These results indicate that high-soil-moisture and shade habitats had contrary effects on the fine root production pattern exhibited by these two species. A. millettii and R. corchorifolius displayed moderate changes in root phenology, including no changes in the root production pattern but slight changes during two or three sampling periods. Other species, such as L. chinense from the evergreen group and L. davidii from the deciduous group, were not sensitive to changes in root phenology. The root phenology of these two species presented bimodal and distributed modal patterns, respectively.
The habitats did not change the annual fine root production as greatly as the turnover rate (Figs. 4 and  5) . The high-soil-moisture habitat marginally significantly decreased the annual production of L. davidii (P = 0.059) and significantly inhibited the turnover rate of V. bracteatum (P = 0.041). The effects of shading on the annual fine root production in the six shrub species were not statistically significant. However, the effects of shading on the turnover were marginally significant in A. millettii (P = 0.059) and significant in R. corchorifolius (P = 0.04). Both species showed lower turnover rates in shade. However, the turnover rate of R. corchorifoliuswas almost twice as high in the non-shaded habitats as in the shaded habitats.
Relationship of the sensitivity of fine root dynamics to the endogenous traits of fine roots Table 2 displays the association between the sensitivities of the fine root dynamics to the soil moisture regime and shading and the fine root endogenous traits across species. The analysis of the soil moisture regime revealed that the fine root 1 st +2 nd -order diameter was negatively associated with the sensitivity degree of the fine root production phenology but not with the sensitivity degree of the annual fine root production. The analysis of the shading habitats revealed that the sensitivity degree of the fine root production phenology was not related to the fine root traits and that the sensitivity of the fine root annual production was negatively related to the fine root C:N ratio. The sensitivities of fine root turnover to soil moisture regime and shading were not significantly associated with any of these two endogenous traits of fine roots.
Discussion
Fine root production and turnover among species Similar to the results from tree species (McCormack et al. 2014) , our order-based study showed that shrub species presented significant differences in the root growth. Across some temperate tree species, the diameter of the lowest two root orders significantly explained the differences in fine root lifespan (McCormack et al. 2012) . Our results did not fully support this conclusion because S. serissoides from the deciduous group and V. bracteatum from the evergreen group presented statistically comparable root diameters and specific lengths but different turnovers and because the three evergreen species presented difference in root diameter but had comparable turnover. The relative narrow range of root diameter in our study may help in the lack of association between fine root diameter and turnover. In the deciduous group, S. serissoides with a lower diameter but higher SRL and C:N had a larger annual production and a higher turnover rate. Higher fine root production coupled with rapid turnover rates was observed for some Table 1 Variations in the fine root 1st + 2nd-order diameter, specific root length (SRL), and C:N ratio among six shrub species. The mean values are followed by the standard errors. Different letters indicate significant differences at P < 0.05. Observations from our study further revealed that the variations in the annual fine root production and turnover among shrub species were significant in the deciduous group but not significant in the evergreen group. Moreover, the range of variation in the annual fine root production between the three deciduous species exceeded the difference between any of the deciduous species and any of the evergreen species. Our narrowscale species comparison indicates that deciduous shrub species are likely to be more important than evergreen shrub species for obtaining variations in the total root population across the forest ecosystem in the study area. Our results further indicate that the evergreen and deciduous grouping level may be not sufficiently small to predict the root dynamics. This finding is consistent with the results reported by Vogt et al. (1996) , who demonstrated that temperature variables perform well in explaining the changes in the root dynamics at the level of the individual climatic forest type but not at the evergreen and deciduous grouping level.
The fine root dynamics fluctuated seasonally, with growth generally peaking during the warmer months (Burke and Raynal 1994; Tierney et al. 2003; Kitajima et al. 2010) . The root phenology has been paralleled to the aboveground phenology in a mature oak stand (Joslin et al. 2001) . During winter, the remained few leaves of the decidous species may be responsible for the low fine root production. During the course of this study, we did not observe the exact aboveground phenology pattern. However, the root and shoot phenology has been suggested to be closely coupled in grasslands and tundra and less coupled in shrubland and forest (Steinaker and Wilson 2008) . The patterns of the fine root production phenology of the examined shrub species were diversified, presenting bimodal, concentrated and distributed modal patterns. The diversified root phenology is likely to due to the variations in seasonal carbon allocation among species (Oechel et al. 1972; Mooney and Chu 1974) . A concentrated modal pattern was observed for the tree species Eucalyptus urophylla (Xu et al. 2013 ) and the Mytilaria laosensis stand with fewer understories (Huang et al. 2014) Indicates a marginally significant difference at P < 0.1 roots performed in the study conducted by Xu et al. (2013) and the inclusion of understory fine roots in the study performed by Huang et al. (2014) may reduce the resolution of the patterns identified for the tree species, our findings and these two results collectively suggest that the fine root production phenology may vary significantly among growth forms, such as trees and shrubs in the study area. Similarly, Steinaker and Wilson (2008) found that woody species in an aspen forest and grass species in an adjacent native grassland presented differences in their timing of belowground production. Consistent with the above-mentioned results, a recent study observed that the different fine root production phenology among plant growth forms, such as trees, shrubs, and grass, yielded a dramatic fluctuation of the fine root production peak-timing among different forest types on the same study site (Liu et al. 2014) . The different patterns between growth forms would cast into doubt the knowledge of the total belowground producer phenology and thus the temporal variation in the belowground carbon cycling based only on tree species traits.
The interspecific differences in root traits help in explaining the spatial variation in root traits (Liu et al. 2010) . However, the variation in the total production and turnover rates from year to year has generally been recorded within a single tree species and/or stand (Burke and Raynal 1994; Rytter 2013; Leppälammi-Kujansuu et al. 2014) , and the interannual variability in the fine root turnover rate was equal to or greater than the difference among species obtained for some temperate tree species (McCormack et al. 2014 ). In addition, soil depth could also have a major influence on the fine root dynamics of shrubs (Aerts et al. 1989; Baddeley and Watson 2005) . Therefore, the long-term trend requires further study to identify the average variation in the annual production and turnover rates along the soil profile among the studied shrub species.
Effects of the soil moisture gradient and shading on the fine root dynamics
The fine root production of V. bracteatum and S. serissoides in response to changes in the soil water content suggests that a low soil moisture habitat reduced the fine root production during most summers but increased the fine root production during the spring. During the study year of 2013, the study site is characterized by a typical episodic summer drought and plenty of rainfall in the spring (Fig. S3) . Therefore, too much soil moisture in the spring and a lower soil moisture in the summer would inhibit root growth. The fine root production phenology of V. bracteatum and S. serissoides significantly varied with the gradients in the soil moisture. However, the differences did not lead to a significant variation in the annual fine root production of these two species because the lower fine root production obtained with a high-soilmoisture habitat during spring was compensated for by the higher growth during summer. Rytter (2013) studied the fine root phenology in two deciduous species, Alnus incana and Salix viminalis, and suggested that their Nfixing capacity would result in the fine root phenology of A. incana having a less pronounced response to water. This finding is supported by the result that the fine root phenology of the leguminous L. davidii in our study was less sensitive to the soil moisture gradient.
Because our experiment compared the annual fine root production from a high-soil-water habitat and a low-soil-water habitat, our results paralleled those Table 2 Pearson correlation results between the variation sensitivity of the fine root dynamic properties, the fine root 1st + 2nd-order diameter and the C:N ratio to the soil moisture and shaded treatments (n = 6). The ∑CA MP , CA AP and CA T are the sum of the CA of the monthly production, the CA of fine root annual production, and the CA of the turnover rate
Treatment
Variation sensitivity 1st + 2nd-order diameter C:N ratio obtained from experiment across a precipitation gradient with a similar soil texture. The apparent resilience of the annual fine root production to a soil water gradient matches the findings reported by Joslin et al. (2000) for a mature deciduous forest obtained on a throughfall displacement experiment. In contrast, Hertel et al. (2013) showed that precipitation exhibited a strong explanatory power for the variations in the fine root productivity obtained for 12 mature Fagus sylvatica forests across a precipitation gradient. The discrepancy may be due to differences in climate. The study sites used by Joslin et al. (2000) and us have an annual precipitation of approximately 1400 mm. In contrast, Hertel et al. (2013) conducted their study across a precipitation gradient from 820 to 543 mm yr -1
. This relatively low precipitation is likely to introduce a water-limited climate for plants and thus results in a strong response in terms of fine root production. Moreover, the six shrub species are drought-tolerant. This fact may also help in the apparent resilience of the annual fine root production to a soil water gradient in our study.
A global-scale observation and an experiment in which the site water is manipulation showed that the root turnover rates are independent of the water availability (Gill and Jackson 2000; Rytter 2013 ). Our results support the suggestions that the effects of soil moisture on root turnover appear to be species specific (Anderson et al. 2003) . In the present study, high-soil-moisture habitat was found to significantly inhibit the turnover rate of V. bracteatum, whereas the soil moisture did not affect the turnover rate of the other five species.
Shading exerted significant effects on the fine root production phenology of V. bracteatum and S. serissoides by reducing the fine root production in most summers but increasing the fine root production in the spring. This is likely due to the relatively low soil moisture content in the shaded plot (Fig. S2a) . Similar to the soil moisture treatments, relatively lower soil moisture may increase fine root growth in the spring but decrease fine root growth in the summer. No significant variation in the annual fine root production was observed because the lower fine root production obtained in the non-shaded habitat during spring was compensated for by the higher growth obtained during the summer, similarly to the results obtained for the soil moisture gradient. Contrary to our expectation, the annual fine root production of the six sun shrub species was not sensitive to shading. Given the lack of continuous observation it is unclear if the solar radiation gradient affected the annual fine root production during the earlier stage after the forest gap formation. We did not have sufficient data to analyze the interactive effect of shading and the soil moisture content, but this topic deserves further attention.
Some of the investigated species, such as V. bracteatum from the leathery-leaved evergreen group and S. serissoides from the papery-leaved deciduous group, presented the greatest sensitivity in terms of fine root phenology to the soil moisture gradient, indicating the substantial variation in fine root phenology sensitivity within the leaf texture categories. Instead, we found that the shrub species with finer roots presented greater sensitivity in terms of fine root production phenology to changes in the soil moisture. Our results provide evidence that variations in the fine root demography may present a greater resolution in parallel to the habitat environmental differences than the leaf characteristics, a finding that was previously suggested for sandhill tree species (Espeleta et al. 2009 ).
Conclusions
The fine root dynamics of different species components determines how forests may adapt to a changing climate as well as how the carbon cycle of a forest ecosystem is affected by climate change. We assessed the fine root production phenology, total fine root production and turnover among six understory shrub species in a subtropical climate and demonstrated links between specific-dependent environmental (soil moisture and shading) sensitivity and fine root traits (diameter, specific root length, and C:N ratio). We observed that the fine root production phenology of the examined shrub species presented diversified patterns, including bimodal, concentrated, and distributed modal patterns. Moreover, the fine root phenology pattern of some shrubs varied significantly with changes in the soil moisture regime and solar radiation status. These results emphasize the need to study the understory fine root phenology to understand the temporary variation in the belowground carbon cycling. The variations in the annual fine root production and turnover observed among shrub species were significant in the deciduous group but not in the evergreen group, indicating that the evergreen and deciduous grouping level may not be sufficient to predict root dynamics. Our results further indicate that the degrees of sensitivity of the fine root dynamics to soil moisture and shading are more highly associated with the root traits, such as diameter and C:N ratio, rather than the aboveground characteristics, such as leaf texture. Overall, to predict how anticipated global climate changes may affect the carbon flux, studies such as ours that examine the effects of environmental variables and fine root dynamics in understory vegetation are urgently needed in ecosystems where the understory fine roots contribute greatly to the below-ground biomass. It should be noted that we only examined the fine root dynamics in the top soil layer with the study period of one year, and the long-term trend along the soil profile requires further study to identify.
